Abstract Previous studies have shown that inhibiting the activity of the proteasome leads to the accumulation of damaged or unfolded proteins within the cell. In this study, we report that proteasome inhibitors, lactacystin and carbobenzoxy-L-leucyl-L-leucyl-L-leucinal (MG132), induced the accumulation of ubiquitinated proteins as well as a dose-and time-dependent increase in the relative levels of heat shock protein (HSP)30 and HSP70 and their respective mRNAs in Xenopus laevis A6 kidney epithelial cells. In A6 cells recovering from MG132 exposure, HSP30 and HSP70 levels were still elevated after 24 h but decreased substantially after 48 h. The activation of heat shock factor 1 (HSF1) may be involved in MG132-induced hsp gene expression in A6 cells since KNK437, a HSF1 inhibitor, repressed the accumulation of HSP30 and HSP70. Exposing A6 cells to simultaneous MG132 and mild heat shock enhanced the accumulation of HSP30 and HSP70 to a much greater extent than with each stressor alone. Immunocytochemical studies determined that HSP30 was localized primarily in the cytoplasm of lactacystin-or MG132-treated cells. In some cells treated with higher concentrations of MG132 or lactacystin, we observed in the cortical cytoplasm (1) relatively large HSP30 staining structures, (2) colocalization of actin and HSP30, and (3) cytoplasmic areas that were devoid of HSP30. Lastly, MG132 treatment of A6 cells conferred a state of thermotolerance such that they were able to survive a subsequent thermal challenge.
Introduction
A cellular response to environmental stress or disease states can cause an increase in the production of abnormal proteins that are targeted for degradation (Ross and Pickart 2004; Morimoto 2008) . In eukaryotic cells, the proteasome is the site for degradation of most proteins and is necessary for viability. Proteasomes are present in the cytoplasm and nucleus, and some particles are associated with the endoplasmic reticulum and with the cytoskeleton (Rivett et al. 1992; Scherrer and Bey 1994) . It is an essential component of the ATP-dependent proteolytic pathway, which assists the degradation of many enzymes, transcriptional regulators, and other critical regulatory proteins. Proteins are marked for degradation by the addition of ubiquitin molecules (Haas and Rose 1982; Neutzner et al. 2008 ). The ubiquitinated substrate is then hydrolyzed by the 26S proteasome via an ATP-dependent mechanism. The impairment of the ubiquitin-proteasome system has been associated with a number of diseases including Alzheimer's disease, Huntington's disease, amyotrophic lateral sclerosis, and Parkinson's disease (Masliah et al. 2000; Taylor et al. 2002; Ross and Pickart 2004) . Additionally, some studies have shown that impairment of the ubiquitin-proteasome system can cause an upregulation of heat shock protein (HSP) gene expression in yeast, Drosophila, rainbow trout, and mammalian cultured cells (Bush et al. 1997; Lee and Goldberg 1998b; Pritts et al. 2002; Stangl et al. 2002; Le Goff et al. 2004; Dembla-Rajpal et al. 2004; Lundgren et al. 2005; Awasthi and Wagner 2005; Noonan et al. 2007 Noonan et al. , 2008 .
HSPs consist of a number of families including HSP70 and the small HSPs (sHSPs; Feige et al. 1996; Morimoto 1998 Morimoto , 2008 . Cytoplasmic stress-inducible HSP70, a member of the HSP70 family, acts as a molecular chaperone to protect unfolded proteins from aggregation and to assist their folding into a native and functional conformation (Morimoto et al. 1994; Feige et al. 1996; Morimoto 1998 Morimoto , 2008 . The sHSPs , which are quite divergent except for a conserved α-crystallin domain, can form highly polymeric structures that appear to be necessary for function within the cell (Buchner et al. 1998; MacRae 2000; Van Montfort et al. 2002; Heikkila 2004) . Proposed sHSP functions in vivo include the acquisition of thermotolerance, resistance against apoptosis, actin capping/decapping activity, cellular differentiation, and modulation of redox parameters (Arrigo and Landry 1994; Arrigo 1998; MacRae 2000; Van Montfort et al. 2002) . Finally, the accumulation or mutation of sHSPs has been associated with a variety of disease states including muscle myopathy, cataracts, multiple sclerosis, Alzheimer's disease, and other neuropathologies (Quinlan and Van Den Ijssel 1999; Bova et al. 1999; Irobi et al. 2004 ). Stressinducible hsp gene expression is activated by heat shock factor 1 (HSF1) which interacts with the heat shock element (HSE) found in the 5′ upstream regulatory regions of hsp genes (Feige et al. 1996; Morimoto 1998; Katschinski 2004; Voellmy 2004; Tonkiss and Calderwood 2005) . HSF1 preexists in the cell as an inactive monomer and forms a hyperphosphorylated trimer upon heat or chemical stress, which permits its binding to the HSE thus facilitating hsp gene transcription. HSF1 activation occurs in response to the accumulation of unfolded, misfolded, or damaged protein (Voellmy 2004; Tonkiss and Calderwood 2005) .
Our laboratory has characterized hsp gene expression in embryos and cultured cells of the aquatic frog, Xenopus laevis (Heikkila et al. 1997; Lang et al. 1999; 2000; Ovakim and Heikkila 2003; Heikkila 2003; Gellalchew and Heikkila 2005; Manwell and Heikkila 2007; Young et al. 2009 ). These studies examined a number of different aspects of heat shock and chemical stress-induced expression of hsp30 and hsp70 genes during early frog development as well as in an A6 kidney epithelial cell line. For example, an analysis of the intracellular localization of heat shock-, sodium arsenite-, or cadmium-induced HSP30 in A6 cells revealed that it was localized primarily in the cytoplasm and perinuclear regions (Gellalchew and Heikkila 2005; Manwell and Heikkila 2007; Voyer and Heikkila 2008; Woolfson and Heikkila 2009; Young et al. 2009 ). HSP30 appears to act as a molecular chaperone in Xenopus cells since it was capable of inhibiting heat-induced aggregation of client protein and maintaining them in a soluble and folding competent state (Fernando and Heikkila 2000; Abdulle et al. 2002; Fernando et al. 2002) . While the function of most of the other HSPs, including HSP70, has not been elucidated directly in Xenopus, it is likely, based on findings in other organisms, that their primary roles are that of molecular chaperones.
In the present study, we show, for the first time in an amphibian system, that inhibition of the ubiquitin-proteasome system can induce the accumulation of ubiquitinated protein and an upregulation of hsp gene expression. The exposure of X. laevis A6 kidney epithelial cells to the proteasome inhibitors, lactacystin or carbobenzoxy-L-leucyl-L-leucyl-Lleucinal (MG132), enhanced the levels of both HSP30 and HSP70 as well as their respective mRNAs in a dose-and time-dependent pattern. Furthermore, this response was controlled, at least in part, at the level of HSF activation since pretreatment of cells with the HSF inhibitor KNK437 blocked this response. Also, exposure of A6 cells to simultaneous MG132 and mild heat shock enhanced the accumulation of HSP30 and HSP70 to a much greater extent than observed with each stressor alone. Immunocytochemical analysis revealed that proteasomal inhibition-induced HSP30 accumulation occurred primarily in the cytoplasm in a punctate pattern supplemented with larger HSP30 staining structures. Finally, pretreatment of cells with MG132 conferred a state of thermotolerance since the treated cells were capable of withstanding a subsequent thermal stress.
Materials and methods
Cell culture and treatments A6 cells (CCL-102; American Type Culture Collection) were grown at 22°C in 55% Leibovitz L-15 media containing 10% (v/v) fetal bovine serum, 100 U/mL penicillin, and 100 μg/mL streptomycin (all from Sigma-Aldrich, Oakville, ON, Canada) in T75 cm 2 BD Falcon tissue culture flasks (VWR International, Mississauga, ON, Canada). Flasks of A6 cells were treated with 1 to 20 μM lactacystin (SigmaAldrich) or 1 to 50 μM MG132 (Sigma-Aldrich) at 22°C for periods of time ranging from 2 to 24 h. Stock solutions of the proteasome inhibitors were prepared in dimethyl sulfoxide (DMSO; Sigma-Aldrich). In experiments employing the HSF1 inhibitor, N-formyl-3,4-methylenedioxy-benzylidene-γ-butyrolactam (KNK437; Calbiochem, Gibbstown, NJ, USA) A6 cells were pretreated with 100 μM of the inhibitor prepared in DMSO for 6 h at 22°C before heat shock or proteasome inhibitor treatment. KNK437 at a concentration of 100 μM has been used in a number of previous studies to suppress hsp gene expression by inhibiting HSF-HSE binding activity in eukaryotic systems including mouse, human, and Xenopus cultured cells with no detectable effect on cell viability (Ohnishi et al. 2004; Manwell and Heikkila 2007; Voyer and Heikkila 2008; Takahashi et al. 2008) . Some flasks of A6 cells were heat shocked for 2 h by immersion in a water bath set at 33°C. After the different treatments, cells were rinsed with 65% Hanks balanced salt solution (HBSS; Sigma-Aldrich) followed by the addition of 1 mL of 100% HBSS. Cells were removed by means of a rubber scraper, transferred to a 1.5-mL microfuge tube, and pelleted by centrifugation for 1 min at 13,200 rpm. The harvested A6 kidney epithelial cell pellets were frozen and stored at −80°C.
RNA isolation and Northern blot analysis A6 cell RNA was isolated using the QIAgen RNeasy Mini Kit (Qiagen, Mississauga, ON, Canada) as detailed in the manufacturer's instructions. Spectrophotometry and electrophoresis with ethidium bromide staining were used to assess RNA concentration and integrity. For Northern blot analysis, total RNA was electrophoresed on 1.2% (w/v) formaldehyde/agarose gels (Lang et al. 1999; Sambrook and Russell 2001) and then transferred onto a positively charged nylon membrane (Roche Diagnostics, Laval, QC, Canada). RNA was UV cross-linked to the membrane with an ultraviolet cross-linker (UltraLum Inc., Claremont, CA, USA). The membrane was then stained with 1× Reversible Blot Stain (Sigma-Aldrich) to ensure equal loading and quality of transfer of the RNA. Digoxigenin-labeled antisense hsp30 and hsp70 riboprobes were prepared as described previously (Lang et al. 1999; 2000) . The RNA blot prehybridization, hybridization, and washing procedures were outlined in Lang et al. (1999) . Chemiluminescent detection was performed according to the manufacturer's instructions (Roche Diagnostics, Mississauga, ON, Canada). The images were visualized by means of a DNR chemiluminescent imager (DNR Bio-Imaging Systems Ltd., QC, Canada). Densitometric analyses within the range of linearity were conducted using ImageJ (Version 1.38) software on the data obtained from at least three separate experiments.
Protein isolation and immunoblot analysis
Total protein was isolated from A6 cells as described previously by Young et al. (2009) . Protein concentrations were determined by means of a bicinchoninic acid protein assay according to the manufacturer's instructions (Thermo Scientific, Rockford, IL, USA). Sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis was performed using a BioRad Mini Protean III gel system (BioRad, Mississauga, ON, Canada) and 12% polyacrylamide gels. Protein samples were transferred to nitrocellulose membranes (BioRad) using a Trans-Blot Semi-dry Transfer Cell (BioRad). Ponceau S (Sigma-Aldrich) staining of the membrane was employed to assess the efficiency of transfer for each sample. Immunodetection was carried out using either the polyclonal rabbit anti-Xenopus HSP30 antibody (Fernando and Heikkila 2000 ; 1:2,000 dilution), the polyclonal rabbit anti-Xenopus HSP70 antibody (Gauley et al. 2008; 1:150 dilution) , the polyclonal rabbit anti-actin (Sigma-Aldrich; 1:200 dilution), or monoclonal mouse antiubiquitin (Zymed, San Francisco, CA, USA; 1:150 dilution).
Membranes were incubated with alkaline phosphataseconjugated goat antirabbit secondary antibody (BioRad; 1:3,000 dilution). For detection, the blots were immersed in alkaline phosphatase detection buffer (50 mM Tris, 50 mM NaCl, 25 mM MgCl 2 , pH 9.5) with 0.33% nitroblue tetrazolium chloride and 0.17% 5-bromo-4-chloro-3-indolyl phosphate, toluidine salt. Densitometric analyses of appropriately stained blots to maintain the signals within the range of linearity were performed as described in the previous section.
Immunocytochemistry and laser scanning confocal microscopy
Immunofluorescence analysis was performed as previously described (Gellalchew and Heikkila 2005; Manwell and Heikkila 2007; Young et al. 2009 ). A6 cells were grown on glass coverslips for 24 h at 22°C. A6 cells were then incubated with either 5, 10, or 15 μM lactacystin for 15 h or 5, 10, or 30 μM MG132 for 24 h at 22°C. Additionally, cells were treated with 30 μM for 24 h followed by recovery in fresh media for 48 h. In thermotolerance studies, A6 cells were incubated at the challenge temperature of 37°C for 1 h with or without a prior 12-h incubation with 30 μM MG132 at 22°C. In some experiments, A6 cells were incubated for 6 h with 100 μM KNK437 at 22°C before the thermotolerance regimen. Following these treatments, cells were rinsed with phosphate buffered saline (PBS) and fixed in 3.7% paraformaldehyde (BDH, Toronto, ON, Canada) for 10 min and then rinsed three times with PBS. The cells were permeabilized with 0.3% Triton X-100 (SigmaAldrich) in PBS for 10 min followed by three washes with PBS for 5 min each. Cells were then incubated with 3.7% bovine serum albumin (BSA; Fisher Scientific, Ottawa, ON, Canada) for 1 h at 22°C or overnight at 4°C. Cells were subsequently incubated with affinitypurified rabbit anti-Xenopus HSP30 antibody (1:500) in 3.7% BSA for 1 h. After three washes for 3 min each in PBS, cells were indirectly labeled with a fluorescentconjugated secondary antibody, goat antirabbit Alexa Fluor 488 (Molecular Probes, Eugene, OR, USA), at 1:2,000 in 3.7% BSA for 30 min in the dark. The cells were then probed for F-actin with rhodamine-tetramethylrhodamine-5-isothiocyanate phalloidin conjugated TRITC (Molecular Probes) at 1:60 in PBS for 15 min in the dark followed by three PBS washes for 5 min each. The coverslips were mounted on glass slides with VectaShield mounting media containing 4,6-diamidino-2-phenylindole (DAPI; Vector Laboratories Inc., Burlingame, CA, USA) which stains nucleic acids allowing visualization of nuclei. Coverslips were permanently attached to slides using clear nail polish and then stored at 4°C. Slides were examined by laser scanning confocal microscopy (LSCM) using a Zeiss Axiovert 200 microscope and LSM 510 META software (Carl Zeiss Canada Ltd., Mississauga, ON, Canada).
Results

Effect of proteasome inhibitors on ubiquitinated protein levels and hsp gene expression
The effectiveness of the proteasome inhibitors, lactacystin and MG132, in A6 cells was determined by examining the relative level of cellular proteins conjugated to ubiquitin. An increased level of ubiquitinated protein was used in other studies to confirm proteasome inhibition (Mimnaugh et al. 1997; Melikova et al. 2006) . The levels of ubiquitinated proteins in heat shocked A6 cells, as determined by immunoblot analysis using an antiubiquitin antibody, were similar to control cells (Fig. 1a) . However, the relative accumulation of ubiquitinated protein was higher in cells treated with the proteasome inhibitor, MG132 for 15 or 24 h or with 15 μM lactacystin for 15 h.
In the next phase of this study, we examined whether treatment of cells with proteasome inhibitors could induce the expression of hsp30 and hsp70 genes. As shown in Fig. 1b , exposure of cells to 1 μM lactacystin induced a relatively weak accumulation of hsp30 mRNA which increased with increasing concentrations of lactacystin from 5 to 20 μM. A similar finding was observed with hsp70 mRNA although it was more readily detectable at 1 μM lactacystin than hsp30 mRNA. A comparable result was observed with cells treated with MG132 (Fig. 1c) . Both hsp30 and hsp70 mRNA were weakly detected with 1 μM MG132 followed by elevated levels of these messages at concentrations ranging from 5 to 50 μM. Additionally, the relative levels of hsp30 mRNA reached maximum levels at 30 and 50 μM MG132, whereas hsp70 mRNA attained peak levels at 20-50 μM.
In time course studies, relatively low levels of HSP30 and HSP70 accumulation were first detected in cells treated with 10 μM lactacystin for 8 h. The accumulation of these proteins increased between 8 and 24 h (Fig. 2a) . Again, the relative levels of actin remained relatively constant during lactacystin treatment. In cells treated with 10 μM MG132 (Fig. 2b ), HSP30 and HSP70 accumulation were first detected after 12 h of treatment. There was a gradual increase in the relative levels of these HSPs, with the highest accumulations observed at 24 h. In cells treated with 50 μM MG132, the accumulation of HSP30 and HSP70 was first detectable at 8 and 4 h, respectively (Fig. 2c) . The relative levels of both of these HSPs then increased from 12 to 24 h. Again, the relative levels of actin were not affected by MG132 treatment.
An examination of the effect of proteasome inhibitor concentration on HSP levels was carried out by means of immunoblot analysis. As shown in Fig. 3a, a Fig. 1 Effect of proteasome inhibitors on ubiquitinated protein and hsp mRNA levels. a Analysis of ubiquitinated protein levels in cells treated with heat shock or proteasome inhibitors. Cells were either maintained at 22°C (C), heat shocked (HS) at 33°C for 2 h followed by a 2-h recovery period at 22°C, treated with 30 μM MG132 for either 15 or 24 h, or treated with 15 μM lactacystin (Lacta) for 15 h. Protein was transferred to nitrocellulose membranes from SDSpolyacrylamide gels and probed with an anti-ubiquitin antibody as described in "Materials and methods" section. A section of a representative Ponceau S stained membrane that brackets a 42-kDa band (asterisk) is included to demonstrate efficient protein transfer. b, c The effect of proteasome inhibitors on hsp mRNA levels. Cells were either maintained at 22°C or exposed to different concentrations of lactacystin (1 to 20 μM for 15 h; a) or MG132 (1 to 50 μM for 24 h; b) at 22°C. Cells were harvested and total RNA was isolated and quantified. Total RNA (10 μg) was analyzed by Northern hybridization analysis using hsp30 and hsp70 antisense riboprobes as described in "Materials and methods" section. The bottom figure in each panel exhibits a reversible blot stain showing 18S and 28S ribosomal RNA, which confirms equal loading and quality of transfer. In each of the panels, the data are representative of five separate experiments gradually increased in cells treated with concentrations ranging from 1 to 10 μM lactacystin with the highest relative levels of this protein occurring from 10 to 20 μM. The accumulation pattern of HSP70 was similar, except that it was more readily detected in cells treated with 1 μM lactacystin as observed with Northern blot analysis. Lactacystin treatment had no discernible effect on the accumulation of actin. In MG132-treated cells, there was a very low level of HSP30 accumulation at 1 μM which then increased on a relative basis from 5 to 20 μM MG132 (Fig. 3b) . The highest relative amount of HSP30 protein was observed in cells treated with 20 to 50 μM MG132. Cells exposed to 1 μM MG132 had a low level of HSP70 protein accumulation, which increased when the concentration of MG132 was raised to 5 μM. A relatively constant level of accumulation of this protein occurred from 5 to 30 μM MG132 with a slight decrease detected at 50 μM.
Also, the relative levels of actin were not noticeably affected by MG132 treatment.
In recovery experiments, cells were treated with 30 μM MG132 for 24 h and were then allowed to recover in fresh (L)-15 media for different time periods ranging from 8 to 48 h (Fig. 4) . The accumulation of HSP30 significantly (p<0.01) decreased after 8 h of recovery and remained relatively constant from 8 to 24 h (Fig. 4a) . After 48 h of recovery from MG132 exposure, the relative levels of HSP30 decreased substantially. The accumulation of HSP30 after 24 h of recovery was fourfold higher than after 48 h as determined by densitometric analysis (Fig. 4b) . The accumulation of HSP70 also decreased significantly (p<0.05) after 8 h of recovery and remained relatively constant from 8 to 24 h. Between 24 and 48 h of recovery, the relative accumulation of HSP70 also decreased by fourfold. It should be noted that similar experiments were not carried out with lactacystin since it is an irreversible proteasome inhibitor.
Localization of proteasome inhibitor-induced HSP30 accumulation
The effect of lactacystin and MG132 on the localization of HSP30 in A6 cells was determined by immunocytochemistry and LSCM (Figs. 5 and 6 ). HSP70 was not investigated using this technique since the affinity-purified, polyclonal anti-HSP70 antibody, which was utilized successfully in immunoblot analysis, was unable to specifically detect (Fig. 5) . The relative accumulation of HSP30 increased with 10 and 15 μM concentrations of lactacystin. In cells treated with different concentrations of MG132, a gradual increase in the relative level of HSP30 was noted from 1 to 30 μM (Fig. 6 ). With both proteasomal inhibitors, HSP30 was localized primarily in the cytoplasm, with a small amount of staining in the nucleus and no detectable accumulation in the nucleolus. Furthermore, relatively large circular HSP30 staining structures were observed in the cytoplasm of 50% of cells treated with 15 μM lactacystin or 70% of cells incubated with 30 μM MG132 (Figs. 5 and 6, white arrows). Additionally, approximately 50% of cells treated with 30 μM MG132 contained large areas within the cytoplasm that were devoid of HSP30 (Fig. 6, yellow arrows) . The higher concentrations of either lactacystin or MG132 also displayed an increase in actin stress fiber disorganization and a change in general shape or morphology from cuboidal or short columnar to long columnar. Furthermore, we also noted a colocalization of F-actin and HSP30 in the cortical areas of the cytoplasm of cells treated with 10 and 15 μM lactacystin or 30 μM MG132 (Figs. 5 and 6, yellow colored regions of panels). Finally, in recovery experiments, cells that were incubated for 48 h in fresh media after an exposure to 30 μM MG132 for 24 h displayed an actin cytoskeleton pattern that was similar to control cells (Fig. 6, bottom row) .
Involvement of HSF1 activation in MG132-induced HSP30 and HSP70 accumulation
In the present study, a HSF1 inhibitor, KNK437, was employed to determine if proteasome inhibitor-induced accumulation of HSP30 and HSP70 in A6 cells involved HSF1 activation. Previously, we demonstrated that KNK437 pretreatment inhibited both heat shock and chemical stress-induced hsp gene expression in Xenopus A6 cells (Manwell and Heikkila 2007; Voyer and Heikkila 2008) . As shown in Fig. 7 , when cells were pretreated with KNK437 prior to a heat shock or MG132 treatment, there was an almost complete inhibition of HSP30 and HSP70
accumulation. Subsequent densitometric analysis demonstrated that KNK437 caused inhibition of MG132-induced HSP30 and HSP70 accumulation by 99.1% and 99.8%, respectively (data not shown).
Effect of concurrent MG132 and elevated temperature on HSP accumulation
The effect of treating cells simultaneously with combined MG132 plus heat shock on the accumulation of HSP30 and HSP70 is illustrated in Fig. 8 . Cells exposed to a 30°C heat shock for 8 h or 30 μM MG132 for 8 h at 22°C displayed a relatively low level of HSP30 and HSP70 accumulation (Fig. 8a) . However, when these two stressors were applied concurrently for 8 h, the accumulation was higher than the sum of the accumulation of each stressor alone as determined by densitometric analysis (Fig. 8b) . In cells treated with 30 μM MG132 for 8 h, the relative accumulation of HSP30 and HSP70 increased as the temperature was elevated from 22°C to 30°C. The highest accumulation was observed at 30 μM MG132 plus 28 or 30°C heat shock for 8 h.
The effect of MG132 on the acquisition of thermotolerance in A6 cells A6 cells were pretreated with MG132 prior to a thermal challenge at 37°C to assess whether this agent could confer a state of thermotolerance. Shifting the incubation temperature of cells from 22°C directly to a 37°C thermal challenge for 1 h resulted in the collapse of the actin cytoskeleton (Fig. 9) . Previously, it was established that pretreatment of A6 cells with a 33°C heat shock resulted in HSP accumulation and an acquired state of thermotolerance (Manwell and Heikkila 2007) . In this study, cells treated with 30 μM MG132 for 12 h had a relatively high Fig. 7 Effect of the HSF1 inhibitor, KNK437 (KNK), on the levels of HSP30 and HSP70 protein in cells treated with MG132. Cells were maintained at 22°C or subjected to 33°C for 2 h (followed by a 2-h recovery at 22°C) or 100 μM KNK437 for 6 h at 22°C. Additionally, cells were pretreated with 100 μM KNK437 for 6 h at 22°C and then exposed to a 33°C heat shock for 2 h (followed by a 2-h recovery at 22°C) or 30 μM MG132 for 12 h. Total protein was isolated and analyzed by immunoblotting as detailed in the legend of Fig. 2 . These data are representative of three separate experiments accumulation of HSP30. Therefore, these conditions were employed in the present thermotolerance experiments. Approximately 95% of cells pretreated with 30 μM MG132 for 12 h prior to a thermal challenge displayed intact stress fibers. Thus, MG132 pretreatment was effective at conferring thermotolerance in A6 cells. The accumulation of HSPs may be responsible for this acquired state of thermotolerance by MG132 since KNK437 pretreatment, which inhibited the accumulation of HSP30 and HSP70, also resulted in cytoskeletal collapse (Fig. 9 , last row).
Discussion
The present study has shown, in an amphibian system, that exposure to the proteasomal inhibitors, MG132 or lactacystin, induced an increase in the levels of ubiquitinated protein and an upregulation of hsp30 and hsp70 gene expression. Moreover, this accumulation occurred in a dose-and time-dependent manner. Previously, enhanced hsp gene expression in response to proteasome inhibition was described in yeast, rainbow trout, Drosophila, mouse, rat, dog, and human cultured cells (Bush et al. 1997; Lee and Goldberg 1998b; Pritts et al. 2002; Stangl et al. 2002; Le Goff et al. 2004; Dembla-Rajpal et al. 2004; Lundgren et al. 2005; Awasthi and Wagner 2005; Noonan et al. 2007 Noonan et al. , 2008 Fig. 9 Cytoprotective effects of pretreating cells with MG132 prior to a 37°C thermal challenge. Cells were grown on glass coverslips and were maintained at 22°C, subjected to a 37°C thermal challenge for 1 h or exposed to 30 μM MG132 for 12 h. Additionally, cells were subjected to 30 μM MG132 for 12 h prior to a 37°C thermal challenge for 1 h. In the last row, cells were pretreated with 100 μM KNK437 for 6 h before exposure to 30 μM MG132 for 12 h and a subsequent thermal challenge at 37°C. The thermal challenges at 37°C were followed by a 2-h recovery period at 22°C. Actin and nuclei were stained directly with phalloidin conjugated to TRITC (red) and DAPI (blue), respectively. HSP30 was indirectly detected with an anti-HSP30 antibody and a secondary antibody conjugated to . These data are representative of four separate experiments MG132 treatment enhanced the expression of HSP27 (Lundgren et al. 2005) . Furthermore, in rainbow trout liver cells, MG132 treatment produced an increase in the accumulation of HSP70 (Le Goff et al. 2004) . Finally, in mammalian systems, proteasomal inhibition induced HSP70 in Madin-Darby canine kidney cells; HSP27, HSP60, HSP70, and HSP90 in neonatal rat cardiomyocytes; HSP72 in Caco-2 human intestinal epithelial cells; and HSP27 and αB-crystallin in αTN4-1 murine lens epithelial cells (Bush et al. 1997; Stangl et al. 2002; Pritts et al. 2002; Awasthi and Wagner 2005) .
The molecular and cellular mechanisms that lead to stress-inducible hsp gene expression during proteasomal inhibition are unclear. Since the proteasome degrades about 80-90% of all proteins, inhibition of this process results in a substantial increase in the concentration of total cellular protein (Lee and Goldberg 1998a) . Damaged or aged proteins, normally degraded by the proteasome, are prone to misfolding, which can result in the exposure of their hydrophobic amino acid residues and subsequent aggregation. The accumulation of unfolded cellular protein by proteasomal inhibition may therefore trigger the activation of HSF. In the present study, KNK437 inhibited HSP30 and HSP70 accumulation suggesting that the activation of HSF1 was associated with MG132-induced hsp gene expression. This finding is supported by the similar pattern of hsp mRNA and HSP accumulation in response to different concentrations of lactacystin or MG132 in A6 cells. In other studies, HSF activation in response to MG132 was reported in the chicken erythroblast cell line, HD6, where the activities of HSF1, HSF2, and HSF3 were upregulated (Kawazoe et al. 1998) . Moreover, in mouse embryonic fibroblast cells, both MG132 and lactacystin induced hyperphosphorylation, trimerization, and HSEbinding activity of HSF1 (Kim et al. 1999) .
The present study also investigated the pattern of hsp gene expression in A6 cells recovering from MG132 treatment. Cells treated with 30 μM MG132 for 24 h had a relatively high accumulation of HSP30 and HSP70, which remained elevated for up to 24 h after the removal of MG132. At 48 h posttreatment, the relative levels of these HSPs decreased substantially. A prolonged accumulation of HSPs in cells following proteasomal inhibition was also documented in rat neonatal cardiomyocytes and Chinese hamster ovary cells (Stangl et al. 2002; Kovacs et al. 2006) . The prolonged accumulation of HSPs in recovery experiments may be due to MG132's long half-life in the cell and as such would continue to inhibit proteasome function after MG132 removal (Lee and Goldberg 1998a) . Furthermore, it may take the cell additional time to degrade all of the ubiquitinated cellular proteins that accumulated during proteasomal inhibition. The combination of these two possibilities may explain the prolonged accumulation of HSP30 and HSP70 in A6 cells recovering from MG132 exposure.
Immunocytochemistry and LSCM were employed to determine the localization of HSP30 in A6 cells exposed to MG132 or lactacystin. In both instances, HSP30 accumulation occurred primarily in the cytoplasm in a punctate pattern with a lesser amount in the nucleus. The punctate pattern of HSP30 accumulation in A6 cells may be due to the stress-induced formation of HSP30 multimeric structures as previously reported with heat shock treatment of Xenopus cultured cells (Ohan et al. 1998; Gellalchew and Heikkila 2005; Manwell and Heikkila 2007) . It was also noted that in A6 cells treated with low concentrations of proteasome inhibitors, only a portion of the cell population showed detectable HSP30. However, this percentage of HSP30 staining cells increased with higher proteasome inhibitor concentrations. In contrast, heat shock treated cells consistently showed HSP30 staining in all A6 cells. At this time, the reason for the unresponsiveness of certain cells within the A6 cell population to proteasome inhibitorinduced HSP30 accumulation is not known. However, we have found a similar situation in A6 cells treated with low concentrations of cadmium chloride or herbimycin A (Voyer and Heikkila 2008; Woolfson and Heikkila 2009) . Additionally, in a comparison of two mammalian cultured cell lines treated with 10 μM MG132, only 15% of HeLa cells showed the presence of HSF1 granules in contrast to almost 100% of K562 cells (Holmberg et al 2000) .
The current study also determined that treatment of A6 cells with relatively high concentrations of MG132 or lactacystin caused a disruption in the organization of the actin cytoskeleton. Cytoskeletal disruption in response to proteasomal inhibition has been reported in both mammals and plants (Sheng et al. 2006; Csizmadia et al. 2008) . In A6 cells, the actin cytoskeleton was also reported to be sensitive to other stresses including heat shock, sodium arsenite, and cadmium chloride exposure (Gellalchew and Heikkila 2005; Manwell and Heikkila 2007; Voyer and Heikkila 2008; Woolfson and Heikkila 2009 ). While the exact mechanism for proteasome inhibitor-induced cytoskeletal disruption is not known, it has been suggested that the accumulation of unfolded proteins may activate a signal transduction cascade that activates numerous cellular events including cytoskeletal dysregulation (Csizmadia et al. 2008) .
Some A6 cells treated with higher concentrations of MG132 or lactacystin displayed relatively large HSP30 staining foci. While the identity of these structures is unknown, it is possible that they may be inclusion bodies containing unfolded protein bound to HSP30, especially given its role as a molecular chaperone (Fernando and Heikkila 2000; Heikkila 2003; . In support of this possibility, Garcia-Mata et al. (1999) reported that unfold-ed proteins that begin to aggregate first form large cytoplasmic inclusion bodies before producing an aggresome (Garcia-Mata et al. 1999) . Also, in experiments with human glioma cells, it was found that HSP27 and αB-crystallin colocalized with inclusion bodies and the aggresome in response to proteasome inhibition (Ito et al. 2002) . Another unique HSP30 accumulation pattern observed in some A6 cells treated with high concentrations of MG132 was the presence of distinct regions within the cytoplasm where HSP30 did not accumulate. The identity and the mechanism involved in the formation of this pattern are not known. One possibility is that unfolded proteins localize to the large cytoplasmic HSP30-containing foci. Therefore, the surrounding areas, which contain very little unfolded protein, would have a very low level of HSP30 since it is not required. In support of this possibility, a study by Johnston et al. (1998) showed that the green fluorescent protein-tagged cystic fibrosis transmembrane conductance regulator accumulated within inclusion bodies and the aggresome in response to proteasomal inhibition and was substantially depleted elsewhere in the cytoplasm. Additionally, it is likely that the cortical cytoplasmic areas devoid of HSP30 are associated with localized areas of actin cytoskeletal disruption. This possibility is in line with the potential role of sHSPs in stabilization of the actin cytoskeleton (MacRae 2000; Van Montfort et al. 2002) . In support of this theory, we found that relatively high concentrations of lactacystin (10 or 15 μM) or MG132 (30 μM) produced a colocalization of HSP30 and actin in the cortical cytoplasm, an area associated with actin assembly/disassembly. Also, our results support a recent model proposed by Doshi et al. (2009) relating the stability of the actin cytoskeleton to HSP27 in the regulation of movement in heat shocked human cancer cells. This latter study is supported by the studies of Jia et al. (2009) examining the effect of thiolutin, an organosulfur compound, on cytoskeletal structure and cell adhesion of zebrafish endothelial cells.
Finally, we found that MG132-treated A6 cells acquired a state of thermotolerance since they were able to survive a subsequent thermal challenge at 37°C. Thermotolerance following proteasomal inhibition was reported in yeast, rat cardiomyocytes, canine kidney cells, and also human fibroblast cells (Bush et al. 1997; Lee and Goldberg 1998b; Luss et al. 2002; Bonelli et al. 2004) . In the present study, hsp gene expression was required for this state of thermotolerance since it was repressed by KNK437. Together, these findings suggest that MG132-induced HSP accumulation can protect cells from injury or other stresses.
In conclusion, the present study has shown, for the first time in amphibian cells, that inhibition of proteasomal activity can induce the upregulation of HSPs, the accumulation of ubiquitinated protein, and a disruption of the actin cytoskeleton. Furthermore, a combination of mild heat shock and proteasomal inhibitors can act synergistically to enhance HSP accumulation. Given the numerous advantages of the Xenopus embryonic system (Heikkila 2004) , future work will focus on the impact of proteasomal inhibition on hsp gene expression during early development. Further analysis of the relationship between proteasome dysfunction and hsp gene expression is important given the fact that proteasome inhibitors are being tested clinically to treat a range of human pathologies (Eldridge and O'Brien 2009 ).
